Geological evidence suggests that marine ice extended to the Equator at least twice during the Neoproterozoic era (about 750 to 635 million years ago) 1, 2 , inspiring the Snowball Earth hypothesis that the Earth was globally ice-covered 3, 4 . In a possible Snowball Earth climate, ocean circulation and mixing processes would have set the melting and freezing rates that determine ice thickness 5, 6 , would have influenced the survival of photosynthetic life 4, 5, [7] [8] [9] , and may provide important constraints for the interpretation of geochemical and sedimentological observations 4, 10 . Here we show that in a Snowball Earth, the ocean would have been well mixed and characterized by a dynamic circulation 11 , with vigorous equatorial meridional overturning circulation, zonal equatorial jets, a well developed eddy field, strong coastal upwelling and convective mixing. This is in contrast to the sluggish ocean often expected in a Snowball Earth scenario 3 owing to the insulation of the ocean from atmospheric forcing by the thick ice cover. As a result of vigorous convective mixing, the ocean temperature, salinity and density were either uniform in the vertical direction or weakly stratified in a few locations. Our results are based on a model that couples ice flow and ocean circulation, and is driven by a weak geothermal heat flux under a global ice cover about a kilometre thick. Compared with the modern ocean, the Snowball Earth ocean had far larger vertical mixing rates, and comparable horizontal mixing by ocean eddies. The strong circulation and coastal upwelling resulted in melting rates near continents as much as ten times larger than previously estimated 6, 7 . Although we cannot resolve the debate over the existence of global ice cover 10, 12, 13 , we discuss the implications for the nutrient supply of photosynthetic activity and for banded iron formations. Our insights and constraints on ocean dynamics may help resolve the Snowball Earth controversy when combined with future geochemical and geological observations.
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The flow of thick ice over a Snowball Earth ocean (''sea glaciers'', characterized by dynamics very different from that of thinner sea ice 14 ), has received significant attention over the past few years [5] [6] [7] 9, 14, 15 . Similarly, the role and dynamics of atmospheric circulation and heat transport, CO 2 concentration, cloud feedbacks, and continental configuration have been studied [16] [17] [18] , as has the role of dust over the Snowball Earth's ice cover 17, 19 . In contrast, despite its importance, the ocean circulation during Snowball Earth events has received little attention. The few studies that used full-ocean General Circulation Models concentrated mostly on the ocean's role in Snowball Earth initiation and aftermath 20, 21 . No studies accounted for the combined effects of thick ice cover and flow, and driving by geothermal heating 11, 13, 22, 23 , yet ref. 11 simulated an ocean under a 200-m-thick ice cover with no geothermal heat flux, and described a non-steady-state solution with near-uniform temperature and salinity, and vanishing Eulerian circulation together with strong parameterized eddy-induced high-latitude circulation cells.
To allow us to simulate the special circumstances during Snowball Earth events, we use a novel model that couples the ocean and thick ice flow (see Methods). We begin by exploring the Snowball Earth circulation using an easier-to-understand two-dimensional (2D, latitude and depth) ocean model with no continents. The results point to the importance of ocean eddy motions, and given that these have never been studied for a Snowball Earth ocean, we investigate them using a high-resolution sector ocean model. Finally, we consider a near-global three-dimensional (3D) ocean model with reconstructed Neoproterozoic continental geometry to verify that our insights remain valid in this more realistic configuration.
We consider first the zonally averaged temperature, salinity and circulation, including the meridional overturning circulation (MOC). Figure 1 shows steady-state results from a 2D (latitude and depth) version of the ocean model coupled to a one-dimensional (1D, latitude) ice flow model, driven by geothermal heating (about 0.1 W m
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) that is enhanced over a prescribed bottom ridge ( Supplementary Fig. 2 ). We assume the presence of land ice at a volume equivalent to about one kilometre of sea level (Methods), and our model predicts that the upper kilometre of the ocean is frozen as well. Concentrating salt in a significantly lower ocean volume resulted in ocean salinity that is significantly higher than that of the present day (Fig. 1b) . The high salinity and high pressure at the bottom of the ice lowered the freezing temperature to approximately 23.5u C, explaining the cold temperature field (Fig. 1a) . Variations in temperature and salinity are fairly weak 11 , as expected given the insulating thick ice cover and weak geothermal heat forcing.
The geothermal heat flux acts to create low-density water at the ocean bottom, and therefore leads to convective vertical mixing that makes the temperature and salinity effectively vertically uniform nearly everywhere, creating a water-mass pattern that is completely different from that expected during any other period in Earth history (Fig. 1a, b) . Near the enhanced geothermal heating over the ridge, there is a weakly stable stratification due to meltwater production over the enhanced heating (bounded by the thick black contour in Fig. 1a, b) .
The MOC (Fig. 1d) is surprisingly strong and is confined to around the Equator, very different from the high-latitude present-day MOC. The meridional velocity, which together with the vertical velocity composes the MOC, therefore decays very rapidly away from the Equator. The most prominent features in the zonal velocity field are the two strong jet-like flows near the Equator, flowing at opposite directions on the two sides of the Equator, and decaying slowly away from the Equator (Fig. 1c) . The zonal velocity in the higher latitudes, away from the equatorial jet-like structures, is generally eastward throughout most of the water column apart from near the bottom. This eastward mid-to high-latitude velocity is in geostrophic equilibrium between the Coriolis force and the pressure gradient, and is driven by the large-scale meridional pressure and hence by the density gradient (which is a consequence of heating and melting over the ridge, lowering the density there; Methods).
To understand the equatorial zonal flows and MOC, we note that their dominant momentum balance is geostrophic in the north-south direction, and hydrostatic in the vertical, as is the case in the presentday ocean. The east-west momentum balance, however, is between the Coriolis force and eddy (turbulent) viscosity, which is negligible in most of the present-day ocean. The dominant momentum balances are therefore: where the east, north and vertical coordinates and velocities are denoted (x, y, z) and (u, v, w), g is gravitational acceleration, n h 5 2 3 10 4 m 2 s 21 the horizontal eddy viscosity coefficient, f < by is the Coriolis parameter, using the equatorial b plane approximation, r is the density, r 0 a reference density, and p is the pressure. The meridional scale obtained from the zonal momentum equation is L < (n h /b) 1/3 < 100 km, consistent with the extent of the MOC in the numerical solution. Assuming the meridional pressure gradient set by the differential geothermal heating to be approximately constant in latitude near the Equator, we can solve the above equations (Methods) to find:
where H is the ocean depth. The more rapid decay of the meridional velocity v as function of latitude y in these expressions explains why the MOC is restricted to the equatorial region, while the equatorial zonal flows u extend farther poleward. These solutions also predict that u changes sign across the Equator (where y 5 0) but v does not, and also that both horizontal velocities change sign with depth, at z 5 2H/2, all remarkably consistent with Fig. 1c, d .
The ice thickness in these solutions (Fig. 1e) is quite uniform, varying from 1,120 m to 1,200 m, owing to the homogenizing effect of the ice flow 6 , consistent with previous studies 7, 15 . High-latitude basal freezing and low-latitude melting rates are balanced by an equatorward ice flow and are comparable to, if not larger than, the ice surface sublimation and precipitation rates (Fig. 1f ). These rates are quite different from previous estimates that ignored ocean dynamics 7 , highlighting the important role of ocean dynamics.
The above 2D model predicts the ocean turbulent eddy field to have a dominant role in the momentum budget, via its parameterization by the horizontal eddy viscosity n h . Snowball Earth eddy motions have not been studied before to our knowledge, and to examine them, we considered the results of a high-resolution model, shown in Fig. 2 . This model demonstrated that the solution for the ocean circulation is surprisingly turbulent and time-dependent, far from the stagnant Snowball Earth ocean one might envision given the lack of wind forcing and air-sea fluxes. The zonal velocity field (Fig. 2c, f) shows several strong jets off the Equator, in addition to the two equatorial jets seen in the 2D solution. These jets, reminiscent of those seen in the atmosphere of Jupiter, arise from the action of the eddies. That is, the equatorial flows are unstable and generate eddies; the meridional convergence of eddy momentum fluxes Lu 0 v 0 =Ly generates additional jets off the Equator (Fig. 2f) , which again are unstable and feed back on the eddies that sustain the jets 24 .
The high-resolution run also shows a warm area to the northwest of the land mass, which leads to local melting rates of up to 10 cm yr 21 ( Fig. 2e) , about ten times larger than the maximum melting rates calculated by coarse model runs 6, 7 . This warmer area is due to a concentrated coastal upwelling of deep water heated by geothermal heating. The upwelling occurs in response to the equatorial zonal flow away from the continent. This deep heating is allowed by a very weak , showing a strong equatorial MOC (35 Sv), compared to the present-day high-latitude North Atlantic MOC (about 20 Sv). e, Ice thickness and ice velocity as functions of latitude. f, Freezing rate (negative values imply melting) at the ice base together with prescribed sublimation/precipitation rates at the ice surface, showing that ocean contribution to setting the ice thickness is comparable to or larger than that of the atmosphere.
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local salinity-induced stratification due to geothermally driven ice melting (similar to that seen over the ridge in Fig. 1b) . Although it is intriguing, the prescribed ice thickness in this model does not allow us to use this large melting rate conclusively to deduce the existence of thin ice or open water locally near continents, as suggested by some observations 10 , and to explain the survival of photosynthetic life during a global Snowball Earth 8, 9, 15, 25 . The explicitly resolved eddy field can be used to estimate a mixing timescale from low to high latitudes of 500 years (Methods), which is not very different from present-day basin-scale mixing rates.
Finally, a 3D ocean solution with a realistic continental configuration supports the results of the 2D model (Fig. 3a, b and Supplementary Fig. 3 ). The zonally averaged fields ( Supplementary  Fig. 3 ), equatorial zonal jets, large-scale westward flows in the higher latitudes, the existence of an equatorial MOC, and the vertically uniform temperature, salinity and density in most areas away from the enhanced geothermal heating, are all consistent with the 2D solution discussed above. Differences from the 2D case include a weaker salinity range due to the concentrated geothermal heating region being confined and therefore weaker in the 3D case (spatial average is 0.1 W m 22 in both); the equatorial MOC is composed of two cells owing to the more complex continental and geothermal heating configuration. Like the high-resolution model discussed above, the global 3D solution in the presence of continents shows upwelling and downwelling wherever the equatorial zonal jets encounter continents. This upwelling is possibly due to the weak stratification of the Snowball Earth ocean, whereas in an ocean with present-day like stratification these jets would be diverted sideways via horizontal boundary currents.
The weakly stratified, convectively mixed ocean found here, as well as the strong coastal upwelling, strong equatorial MOC and well developed eddy field, all imply that the deep and surface ocean are strongly linked in a Snowball Earth scenario, unlike in the well stratified present-day ocean. The well-mixed Snowball Earth ocean 11 has several interesting geochemical implications. First, if there are areas of photosynthesis under a local patch of thin ice, mixing or upwelling are needed to resupply limiting nutrients, because a weakly mixed ocean would lead to the exhaustion of the local nutrient pool and productivity would end. Second, the return of banded iron formations after a billion-year absence is an iconic feature of Neoproterozoic glaciation that is often attributed to stagnant Snowball Earth deep water 3 . Assuming that melt water was derived from land ice that contained air bubbles of an oxygenated atmosphere, one might expect that with enhanced melting and a strongly mixed ocean, iron concentrations could not rise sufficiently to deposit banded iron formations. However, Neoproterozoic banded iron formations, unlike Archean and Palaeoproterozoic ones, are not broadly distributed 26 . Instead, they form irregular lenticular bodies within glacial deposits, and are found predominantly in juvenile rift basins in close association with volcanic rocks, analogous to the Red Sea, where iron is supplied by hydrothermal fluids 27 . Such rift basins are somewhat isolated from the rest of the wellmixed ocean, allowing the build-up of iron levels and the development of banded iron formations, not inconsistent with our results showing a well-mixed ocean.
Our findings suggest that beneath the Snowball Earth ice cover, the Neoproterozoic oceans were dynamic, well mixed 11 and spatially and temporally variable: far from a stagnant pool. These ocean dynamics insights open the way to a reinterpretation of some geochemical, sedimentary and paleontological observations, possibly contributing to the debate on the existence of a global ice cover and to our understanding of the Neoproterozoic era. 
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METHODS SUMMARY
Our model couples the state-of-the-art ocean general circulation model, MITgcm 28 , which can simulate thick ice shelves 29 , with a recently developed 2D (latitude and longitude) ice flow model 15 , extending previous 1D flow models 6, 7 . The model is run here in three configurations: 2D (latitude and depth) ocean model coupled to a 1D (latitude) ice flow model; a high-resolution (1/8u) sector model with prescribed uniform ice cover; and a 3D global model with reconstructed Neoproterozoic continental configuration coupled to a 2D ice flow model. A geothermal heat flux is prescribed in all three versions at the bottom of the ocean ( Supplementary Fig. 2) , with a spatial average of 0.1 W m
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, and is spatially uniform except not far from the Equator (motivated by the Neoproterozoic continental reconstruction of ref. 30) , where the geothermal flux is up to four times its background value. The 2D ocean model also prescribes a ridge over which the heating is enhanced, while the topography of the two other models is flat. Sensitivity experiments to the location and amplitude of the enhanced heating, and to the topography in both the 2D and 3D models, show our solution to be very robust.
Full Methods and any associated references are available in the online version of the paper. Fig. 3 ), although some deviations from zonal symmetry occur owing to advection of temperature and salinity by ocean currents near continents, and owing to enhanced heating and freshening via ice melting in the area of enhanced geothermal heating between the continents.
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Model description. The model used here couples the Massachusetts Institute of Technology general circulation ocean model (MITgcm) 28 with its ice-shelf package 29 to a recently developed 2D (latitude and longitude) model of thick ice flow over a Snowball Earth ocean 15 , which is an extension of the 1D ice flow model of refs 6 and 7 and similar ones [31] [32] [33] . The ice flow model compensates for melting and sublimation at low latitudes and freezing/precipitation at high latitudes, with an equatorward ice flow calculated from ice-thickness gradients based on Glenn's law. The ice flow model employs the well known ice-shelf approximation in which the velocity is independent of depth 34, 35 , together with an assumed linear vertical temperature profile within the ice 6 , which together make it possible to average over the vertical dimension rather than model it explicitly.
The coupling of the ice and ocean models is done asynchronously: the ocean model is run for 300 years and the ice model is then run for a similar period, and the process is repeated until a steady state is obtained. At each iteration the ocean model is given the ice thickness calculated by the ice model, while the ice model is driven by the melting and freezing rates calculated by the ocean model. The icesurface meridional temperature, sublimation and snowfall are taken from ref. 7 , with an Equator-to-pole temperature difference of 36u C (Supplementary Fig. 1 ). No-slip ocean boundary conditions are specified on side and bottom boundaries, and free-slip conditions are specified under the ice cover.
Turbulent convection is parameterized in our model experiments by an increased vertical diffusion where the vertical stratification is unstable. Eddy mixing and mixed-layer parameterizations developed for the present-day ocean 36 are probably not applicable for the very weakly stratified Snowball Earth ocean, and we use instead crude horizontal and vertical eddy diffusion. A different choice was made by ref. 11 , who used an eddy parameterization tuned to present-day ocean eddies 36 and simulated a Snowball Earth ocean under 200-m-thick ice with no geothermal heating and therefore not at a thermodynamic equilibrium, but with a quasi-equilibrated circulation. They found a very weakly stratified ocean and described a vanishing Eulerian velocity field, yet with strong high-latitude parameterized eddy-driven meridional circulation cells, very different from the vigorous Eulerian equatorial overturning and jets we found here. . The 2D ocean model is coupled to a 1D (latitude) version of the ice flow model. We performed sensitivity runs to the location and amplitude of the geothermal forcing and found the solution to be very robust.
The 3D near-global ocean model was run at a horizontal resolution of 2u from 82u S to 82u N, and with 73 vertical levels of varying thickness from 10 m near the ice to 200 m at depth (starting from the ocean surface, the first level is 550 m thick, followed by 57 levels whose thickness is 10 m, and then 14 m, 20 m, 27 m, 38 m, 54 m, 75 m, 105 m, 147 m, and finally seven levels of thickness 200 m; at steady state, the upper 33 levels are within the ice, and therefore inactivated, and the rest represent the ocean). Continental configuration is based on the 720-million-yearold Neoproterozoic reconstruction of ref. 30 , and includes an estimated location of spreading ridges between the continents, where geothermal heating is probably enhanced (thick black contour in Fig. 3a ; spreading ridges elsewhere are not included owing to the uncertainty in their location). Bathymetry reconstructions for the Neoproterozoic are not easy to come by, and we therefore specified a flat topography in the 3D case, relying on land masses to restrict zonal flows. We performed sensitivity runs with specified sills (1 km high) around the ocean constricted by the land masses, as well as with (1 km high) mid-ocean ridges specified in the open ocean, and found that these do not change the overall picture.
The high-resolution sector ocean model spans 45u longitude, from 10.5u S to 10.5u N, at a horizontal resolution of an eighth of a degree longitude and latitude and 20 vertical levels of thickness 100 m each. An ice cover with uniform thickness of 1,025 m is prescribed in this case rather than using the ice flow model (which would be prohibitive owing to the computational cost). A flat ocean topography is used, and enhanced geothermal heating is prescribed as a Gaussian centred around 6u N, at up to four times the amplitude of the background geothermal flux. The surface temperature in this experiment is uniform (due to its relatively small meridional extent) and set to 244.4u C. This high-resolution run was integrated for over 100 years to reach an equilibrium of the eddy field, yet because its ice cover is specified rather than evolving, the run is-unlike for the other two models-not at a complete thermodynamic equilibrium with its ice cover.
While geothermal heat can have some effect on the present-day ocean 38 , it is the dominant forcing in a Snowball Earth ocean. A hydrothermal heat flux is therefore prescribed here at the bottom of the ocean and is spatially uniform except where enhanced flux is prescribed to simulate the effect of spreading ridges. These enhanced geothermal areas are prescribed in the model runs shown in the paper to be not far from the Equator (motivated by the Neoproterozoic continental reconstruction of ref. 30) , and the geothermal flux there is up to four times its background value. The observed background flux away from ocean ridges is about 0.05 W m
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, and the flux observed at mid-ocean ridges is about four times larger, such that the average over ocean basins is estimated to be of the order of 0.1 W m
(see, for example, table 4 of ref. 39) . We therefore prescribe a flux whose spatial average is 0.1 W m
, and which is larger locally over ridges. At a steady state the average flux escaping the ocean through the thick ice cover is therefore also 0.1 W m
. Supplementary Fig. 2 shows the hydrothermal forcing of all three models shown in the paper. The Neoproterozoic flux may have been slightly larger than that of the present day, but the difference is expected to be small relative to other uncertainties, so that modern values are used here.
Most ocean models cannot incorporate an ice cover thicker than their upper level, which is of the order of 5-50 m. It is, however, important to use a thick shelf ice formulation as done here, given that representing thick ice-shelves as thin sea ice is known to lead to biases in modelling present-day deep-water formation around Antarctica owing to the induced biases in freshwater fluxes due to melting/ freezing 40, 41 . An alternative to our thick ice-shelf formulation was used by ref. 11, which employed a dynamic rescaling of the vertical coordinate 42 . Derivation of the solution for the 2D flow field. Consider the zonal equatorial jets seen (for example) in Fig. 1 . Differentiate the hydrostatic equation in y and integrate in z to find p y 5 gr y z 1 F(y), and assume this meridional pressure gradient set by the differential geothermal heating to be approximately constant in latitude y around the Equator. The meridional momentum equation then leads to an expression for u, and the zonal momentum equation to an expression for v. Requiring the vertically integrated meridional flow to vanish owing to mass conservation, we find F(y), giving:
If the geothermal heating and bathymetry are prescribed to be uniform, the MOC is weaker by about 75%, and if the ice-surface meridional temperature is also uniform, the MOC vanishes. This suggests that the atmospheric forcing via the icesurface meridional temperature is responsible for about 25% of the MOC, in spite of the thick ice cover. The atmospheric driving of the Snowball Earth ocean, and of the MOC in particular, is through its effect on melting rates at high versus low latitudes. This difference mostly depends on the Equator-to-pole atmospheric temperature difference, and if the carbon dioxide is increased, for example, and if the meridional temperature difference is consequently lowered, then the atmospheric driving of the ocean circulation may be weaker. In addition to this, the sensitivity of the ice flow to surface temperatures derived from different carbon dioxide concentrations was explicitly discussed by ref. 15 . When the geothermal forcing is uniform (but the ice-surface meridional temperature is still a function of latitude y), or the ridge with enhanced heating is placed at the Equator, the northsouth symmetry is still broken, and although the MOC is weaker and could be in either direction depending on initial conditions, the flows are qualitatively similar to the above. On the eddy field in the high-resolution model run. The relatively strong zonal velocities that develop in the above 2D model near the Equator are characterized by a Reynolds number (based on molecular viscosity) that is much greater than one, of R 5 uL/n 5 (0.03 m s , anticipating a turbulent flow. In addition, the meridional gradient of vorticity (b 2 u yy ) changes sign as function of latitude, indicating that eddies may develop owing to barotropic instability. It is also possible that the eddy field may be able to extract available potential energy from the (weak) meridional density gradient.
The eddy motions seen in our high-resolution run are characterized by a velocity scale of u9 < 0.02 m s 21 and a length scale of l < 100 km (Fig. 2c) . These scales can be used to estimate a mixing-length eddy viscosity of n h < u9l <2 3 10 3 m 2 s
21
. A mixing timescale from low to high latitudes is therefore given by t < R 2 /n h < 500 years, where R is the Earth's radius, not very different from present-day basinscale mixing rates. This is a lower bound on mixing timescales, because one expects the snowball eddy field to be weaker at the higher latitudes where the mean flows and resulting eddy field are weaker. This is in contrast to the present-day ocean,
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where eddy generation is strong at mid-to high latitudes near western boundary currents. Salinity uncertainties. Estimating ocean salinity during the Neoproterozoic presents a challenge. We assume the pre-Snowball Earth salinity to be equal to that of the present day, but there is significant evidence that it varied significantly and may have been as high as twice that of the present day 43 ; see also some recent reviews of evaporites through time 44, 45 . Salinity may also have increased during Snowball Earth events if oceans continued to receive a supply of salts through both subglacial runoff and subglacial sediment transport, whereas evaporite deposition would have been nonexistent. The main effect of a higher ocean salinity on our simulation would have been the additional lowering of the freezing temperature, which is already quite low relative to modern values owing to both high pressure at the ice base and high salinity.
Another source of uncertainty in salinity is our assumed concentration of salt as a result of land-ice volume being equivalent to about 1 km of sea level. Modelling studies 46, 47 estimate continental ice sheets to be a few kilometres thick after about 100,000 years, roughly comparable to the East Antarctic Ice-Sheet with a mean thickness of 2.15 km (ref. 48 ). In addition, geological relationships 49 estimated a post-glacial sea-level rise of 1.5 km, which is equivalent to melting 3.3-km-thick grounded ice sheets on all continents and oceanic platforms. We conclude that although no tight constraint on land ice exists, 1-km-thick ice sheets seem to be within the range of current estimates.
Yet another important salinity-related issue is the possibility of freshwater input from land-based subglacial flows. Such freshwater flow at the ocean surface, which may develop should there be any open coastal water, could be mixed down by the strong vertical convective mixing. Yet, if the fresh water input is strong enough, it could lead to a weak local coastal stratification (as seen in our solution) over the ridge due to melting there (Fig. 1b) . This scenario remains speculative, given that it hinges on the existence of open coastal water, which our model does not explicitly predict.
